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(54) Folded optical system having improved image isolation 



(57) An optical collimating assembly[100, 100] for 
imaging light from a display. The optical imaging assem- 
bly^ 00,200] includes first and second liner polarization 
filters having polarization directions that are orthogonal 
to one another. A folded imaging assembly that includes 
a first beam splitter[105, 205], a first Va wave plate[104, 
204], and a second beam splitter[103, 203] is located 
between the polarization filters. A second Va wave 
plate[102, 202] is also located between the polarization 
filters. The first Va wave plate[105, 205] has a birefrin- 



gence axis that is orthogonal to the birefringence axis of 
the second Va wave plate[103, 203]. In the preferred 
embodiment of the present invention, the Va wave plates 
are constructed from the same birefringent material. 
One of the reflectors is preferably constructed from a 
material having a reflectivity that depends on the direc- 
tion of linear polarization of light striking the beam split- 
ter. 
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Description 

Field of the Invention 

[0001] The present invention relates to optical sys- s 
terns for viewing a display, and more particularly, to an 
optical system which utilizes a folded optical path to 
minimize the distance between the display and the 
viewer. 

10 

Background of the Invention 

[0002] To simplify the following discussion, the 
present invention will be discussed in terms of displays 
utilized in head mounted computer displays; however, it 15 
will be apparent to those skilled in the art from the fol- 
lowing discussion that the present invention may be 
applied to other types of displays. Head-mounted com- 
puter displays may be viewed as "eye glasses" that are 
worn by the user to view images created by a computer 20 
or other image source. The image seen by each eye is 
generated on a display screen having a two dimensional 
array of pixels. 

[0003] It is advantageous to minimize the distance 
between the display and the eye of the viewer to mini- 25 
mize the portion of the display that extends from the 
viewer's face. Large overhanging displays are uncom- 
fortable to wear. In addition, optical systems based on 
reflectors are preferred since such systems provide high 
quality optical imaging at a cost that is much less than 30 
systems based on lenses. 

[0004] Prior art systems that combine reflective 
optics with short display to eye distances are known to 
the art. These systems typically utilize partially reflect- 
ing optical surfaces to fold the optical path so that the 3s 
distance from the viewer's eye to the display is mini- 
mized. Such a system is described in U.S. Patent 
5,644,436. For such systems to operate, the direct light 
emitted by the display must be blocked. Prior art sys- 
tems typically utilize polarization filters and quarter 40 
wave plates to block the direct light from reaching the 
eye. Unfortunately, quarter wave plates only rotate the 
polarization vector of the light through precisely 90 
degrees for specific wavelengths. Light having wave- 
lengths that differ from the design wavelength is rotated 45 
either through slightly more than 90 degrees or slightly 
less than 90 degrees. Accordingly, these prior art sys- 
tems do not block all of the light coming directly from the 
display and the viewer sees "ghost" images. 
[0005] Broadly, it is the object of the present inven- so 
tion to provide an improved folded optical system based 
on reflective optical imaging elements. 
[0006] It is a further object of the present invention 
to provide an optical system in which light from the dis- 
play being imaged is blocked from reaching the viewer's 55 
eye independent of the wavelength of the light. 
[0007] These and other objects of the present 
invention will become apparent to those skilled in the art 



from the following detailed description of the invention 
and the accompanying drawings. 

Summary of the invention 

[0008] The present invention is an optical coliimat- 
ing assembly for imaging light from a display. The opti- 
cal assembly includes first and second linear 
polarization filters having polarization directions that are 
orthogonal to one another. A folded imaging assembly 
that includes a first beam splitter, a first Va wave plate, 
and a second beam splitter is located between the 
polarization filters. A second Va wave plate is also 
located between the polarization filters. The first Va 
wave plate has a birefringence axis that is orthogonal to 
the birefringence axis of the second Va wave plate. In 
the preferred embodiment of the present invention, the 
Va wave plates are constructed from the same birefrin- 
gent material. One of the reflectors is preferably con- 
structed from a material having a reflectivity that 
depends on the direction of linear polarization of light 
striking the beam splitter. 

Brief Description of the Drawings 

[0009] 

Figure 1 is a cross-sectional view of a prior art 
folded optical imaging assembly. 

Figure 2 is a cross-sectional view of one embodi- 
ment of a folded optical imaging assembly accord- 
ing to the present invention. 

Figure 3 is a cross-sectional view of another 
embodiment of a folded optical imaging assembly 
according to the present invention. 

Detailed Description of the Invention 

[0010] The manner in which the present invention 
gains its advantages may be more easily understood 
with reference to Figure 1 which is a block diagram of a 
typical prior art folded optical assembly 20. Optical 
assembly 20 images light from display 12 into the eye of 
a viewer 1 4 using a spherical beam splitter 22 as the 
imaging element. Ideally, light traveling directly from dis- 
play 12 to viewer 14 is blocked. Optical assembly 20 uti- 
lizes parallel polarization filters 21 and 26 with a 
polarization rotation of 90 degrees between them to pre- 
vent light traveling directly from display 1 2 from reaching 
viewer 14. Optical assembly 20 includes the parallel 
polarization filters 21 and 26, two Va wave plates 23 and 
25 and the beam splitter 24. The two Va wave plates, 23 
and 25, are located between the polarization filters. The 
beam splitter 24 is located between the Va wave plates 
23 and 25. The two Va wave plates 23 and 25 collec- 
tively act as a 1 /£ wave plate that rotates the polarization 
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of the light coming directly from polarizer 21 by 90 
degrees so that this light is blocked by the polarizer 26. 
Thus, light traveling directly from display 12 is prevented 
from reaching viewer 14. 

[001 1] For optical assembly 20 to operate properly, 
the light that is collimated by spherical beam splitter 22 
must not undergo the 90 degree rotation of its polariza- 
tion as did the light coming directly from display 12 to 
viewer 14. Optical assembly 20 utilizes the observation 
that circularly polarized light changes its direction of 
polarization upon reflection. Light collimated by beam 
splitter 22 passes through Va wave plate 23 and leaves 
Va wave plate 23 circularly polarized. Assume the polar- 
ization of this light is right handed. The polarization of 
this light is then changed to left handed upon reflection 
from beam splitter 24. Upon passing again through Va 
wave plate 23, the light becomes linearly polarized, but 
the direction of polarization is rotated by 90 degrees rel- 
ative to the direction of polarization imposed by the 
polarizer 21. When this light is reflected by spherical 
beam splitter 22, the direction of polarization is not 
changed. This light passes once more through Va wave 
plate 23, where its polarization is converted to left- 
handed circular polarization. Since the polarization of 
this light is left handed, unlike that of the light coming 
directly from display 12, which is right handed, Va wave 
plate 25 converts this light to linearly-polarized light. 
However, the direction of polarization of this linearly- 
polarized light has not undergone the 90 degree rotation 
undergone by the direction of polarization of the light 
coming directly from display 12. Hence, this light will 
pass through polarization filter 26. 
[0012] The light passing directly from display 12 
without reflection passes through both Va wave plates. If 
the Va wave plates behave in an ideal manner, they will 
act as a y k wave plate and the direction of polarization 
of the light will rotate by 90°. A Va wave plate is a bire- 
fringent material where the thickness is chosen such 
that there is a phase retardation of nl2 between the fast 
and slow polarizations. If the light source's polarization 
axis is aligned to 45° between the slow and fast axis of 
the wave plate, left-hand circularly-polarized light 
emerges. If the angle is -45°, the output is right-hand 
circularly-polarized light. To simplify the following dis- 
cussion, any axis that defines the orientation of the fast 
axis will be referred to as the "birefringence axis". 
[001 3] It should be noted that the thickness of the Va 
wave plate can only be chosen correctly for a particular 
wavelength in the optical portion of the spectrum. At 
other wavelengths, a small error occurs in the degree of 
retardation of the slow component This error leads to a 
change in the polarization of the light passing directly 
from display 12 to viewer 14 between the polarization fil- 
ters. Since the polarization filters only completely block 
light if there is an exact 90° rotation in polarization 
between them, a small fraction of the light leaving dis- 
play 12 will reach the viewer. This results in the viewer 
seeing a ghost image that varies in intensity with color. 



[0014] The present invention avoids the ghosting 
problems associated with prior art systems by utilizing 
an arrangement of Va wave plates in which the second 
Va wave plate reverses the action of the first Va wave 

5 plate. For example, if the first Va wave plate provides a 
retardation of nl2 between the two component polariza- 
tions of the light signal, then the second Va wave plate 
provides a retardation of -nl2 between the components. 
This is accomplished by aligning the Va wave plates 

10 such that the birefringence axis of the first Va wave plate 
is rotated by 90° relative to the birefringence axis of the 
second Va wave plate. 

[0015] In the preferred embodiment of the present 
invention, the Va wave plates are constructed from the 

is same material. Consider light of a wavelength that is dif- 
ferent from the design wavelength, i.e., the wavelength 
for which the retardation is precisely n/2. If the first Va 
wave plate provides a retardation of less than tc/2 than 
the second Va wave plate will also provide a canceling 

20 retardation of the same amount. Hence, the polarization 
of light passing through the two Va wave plates will 
remain unchanged independent of the actual retarda- 
tion provided by the wave plates. 
[001 6] Refer now to Figure 2, which is a cross-sec- 

25 tional view of a folded optical assembly 1 00 according to 
the present invention for collimating light from a display 
12. For the purposes of this discussion, it will be 
assumed that the light leaving display 12 is unpolarized. 
Accordingly, the light leaving display 12 may be viewed 

30 as originating from two linear polarized sources, one 
generating light of a polarization denoted by "S" in the 
figure and one generating light of a polarization "P", 
where P is orthogonal to S. A first polarization filter 101 
is set to remove the light of polarization P, leaving the 

35 light of polarization S. A first Va wave plate 102 converts 
this light into right-handed circularly polarized light, 
denote by "FT in the figure. This light passes through a 
spherical beam splitter 103 and a second Va wave plate 
104. Wave plate 104 converts the right-handed circu- 

40 larly polarized light back to linear polarized light having 
a polarization in the S direction. This light strikes a pla- 
nar beam splitter 1 05 which reflects a portion of the light 
back toward spherical beam splitter 103. 
[001 7] The remainder of the light 1 1 1 strikes polari- 

45 zation filter 106 which is set to block linearly polarized 
light having a polarization in the S direction. This is the 
light that comes directly from the display. As noted 
above, wave plate 104 is oriented such that it reverses 
the action of wave plate 102. Hence, all of the light from 

so the display is blocked independent of the wavelength of 
the light. 

[0018] The light that is reflected by beam splitter 
105 passes back through Va wave plate 104 and is con- 
verted back to right-handed circularly polarized light. 
55 This light is reflected by spherical beam splitter 103. 
Upon reflection, circularly polarized light reverses polar- 
ization direction; hence, the light leaving spherical beam 
splitter 103 is left-handed circularly polarized light as 
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indicated by the "L" in the figure. This light passes 
through Va wave plate 104 and is converted back to lin- 
early polarized light. However, the direction of polariza- 
tion is now P. The compound effect of the imperfect Va 
wave plates adds a little S polarization to this light, but 5 
this will only slightly decrease the throughput. Half of 
this light passes through beam splitter 105 and leaves 
the assembly via polarization filter 106, which is set to 
pass light having a polarization in the P direction. 
[0019] The other half of the light is reflected again io 
from reflector 103; however, this light will return with an 
S polarization, and hence, any light escaping the next 
reflection at beam splitter 105 will be blocked by filter 
106. Accordingly, only the portion of the remaining light 
that undergoes two reflections from beam splitter 103 15 
can escape. Each reflection from a beam splitter 
reduces the light intensity by a factor of two. In addition, 
the light reflected from spherical reflector 103 will no 
longer be collimated for viewing by the observer. Hence, 
the light that does not escape after the first reflection 20 
from reflector 103 is reduced in intensity by a factor of 
16 and defocused. This background is sufficiently dif- 
fuse and reduced in intensity to be acceptable to a 
human viewer of display 12. 

[0020] Refer now to Figure 3 which is a cross-sec- 25 
tional view of another embodiment of a folded optical 
assembly according to the present invention. To simplify 
the following discussion, those elements of assembly 
200 that serve the same function as elements shown in 
Figure 2 have been given numerical designations that so 
differ by 100 from those used in Figure 2. Optical 
assembly 200 differs from optical assembly 100 shown 
in Figure 2 in the placement of the Va wave plate that 
compensates for the action of the Va wave plate 
between the two beam splitters. In assembly 100 the 35 
compensating Va wave plate was located before the 
beam splitters, i.e., wave plate 102. In assembly 200, 
the compensating wave plate, Va wave plate 202, is 
located after the beam splitters. Once again, the Va 
wave plates are arranged such that the slow optical 40 
axes of the wave plates are orthogonal to one another. 
[0021] The above described embodiments of the 
present invention utilize a spherical beam splitter and a 
planar beam splitter with a Va wave plate located there- 
between. However, it will be obvious to those skilled in 45 
the art from the preceding discussion that any arrange- 
ment of two beam splitters that images the light from the 
display may be utilized. The preferred embodiment of 
the present invention utilizes a planar and a spherical 
beam splitter because of the ease with which these 50 
reflectors are generated. 

[0022] The above-described embodiments of the 
present invention utilize partially reflecting surfaces to 
construct the beam splitters. If half-silvered surfaces are 
utilized, one half of the light is lost on each reflection. 55 
This leads to a substantial decrease in the brightness of 
the display. This light loss can be substantially reduced 
by utilizing a partially reflecting surface whose reflect- 



ance depends on the polarization of the light incident 
thereon. The imaging assembly of the present invention 
depends on a combination of two reflectors with a Va 
wave plate located between the two reflectors. One of 
the reflectors reflects circularly polarized light, and the 
other reflects linearly polarized light. For example, in 
optical assembly 100, reflector 105 reflects linearly 
polarized light, and reflector 103 reflects circularly 
polarized light. In optical assembly 200, reflector 205 
reflects circularly polarized light and reflector 203 
reflects linearly polarized light. 

[0023] If the reflector that reflects linearly polarized 
light is constructed from a material that reflects light of 
one linear polarization and transmits light of the other 
linear polarization, a factor of 4 in the intensity of the 
light reaching the viewer is obtained. For example, in 
assembly 1 00, reflector 1 05 is constructed from a mate- 
rial that reflects light of one polarization while transmit- 
ting light of the orthogonal polarization. Such materials 
are known to the art. For example 3M markets such a 
material under the trade name DUAL BRIGHTNESS 
ENHANCEMENT FILM (DBEF). In the preferred 
embodiment of the present invention, reflector 105 is 
constructed such that S polarized light is reflected and 
P polarized light is transmitted. Hence, all of the light 
striking reflector 105 is reflected toward reflector 103. 
Half of the light striking reflector 103 is reflected back to 
the viewer. All of this light will reach the viewer, since all 
of the light reflected by reflector 103 will be P polarized 
when it reaches reflector 105. 

[0024] The above-described embodiments of the 
present invention have utilized planar and spherical 
beam splitters. However, other geometries can be uti- 
lized without deviating from the teachings of the present 
invention. For example, both beam splitters can be 
curved and the curvature does not need to be spherical. 
[0025] Various modifications to the present inven- 
tion will become apparent to those skilled in the art from 
the foregoing description and accompanying drawings. 
Accordingly, the present invention is to be limited solely 
by the scope of the following claims. 

Claims 

1. An optical imaging assembly[1 00,200] for imaging 
light from a display, said assembly comprising: a 
first linear polarization filter[101, 201] for passing 
light polarized in a first direction; a second liner 
polarization filter[106, 206] tor passing light polar- 
ized in a second direction, said second direction 
being orthogonal to said first direction; a folded 
imaging assembly comprising a first beam split- 
ter[105, 205], a first Va wave plate[104, 204], and a 
second beam splitter[103, 203]; and a second Va 
wave plate[102, 202], wherein said folded imaging 
assembly and said second Va wave plate[102, 202] 
are located between said first and second linear 
polarization filters, and wherein said first Va wave 
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plate[104, 204] has a birefringence axis that is 
orthogonal to the birefringence axis of said second 
Va wave plate[102, 204]. 



2. The optical imaging assembly [100,200] of Claim 1 5 
wherein one of said first and second beam splitters 
comprises a material having a reflectivity that 
depends on the direction of linear polarization of 
light striking said beam splitter. 

10 

3. The optical imaging assembly [100,200] of Claim 1 
or 2 wherein said first beam splitter[105, 205] com- 
prises a partially reflecting planar surface and said 
second beam splttter[103. 203] comprises a par- 
tially reflecting curved surface. is 



4. The optical imaging assembly[100,200] of Claim 3 
wherein said curved surface is spherical. 

5. The optical imaging assembly[1 00,200] of one of 20 
Claims 1 to 4 wherein said first and second Va wave 
plates comprise a layer of the same bi-refringent 
material. 
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